The perpendicular magnetic anisotropy (PMA) of Fe 1−x Co x thin films on MgO(001) was investigated via first-principles density-functional calculations. Four different configurations were considered based on their ground states: Fe/MgO, Fe 12 Co 4 /MgO, Fe 10 Co 6 /MgO, and Fe 8 Co 8 /MgO. As the Co composition increases, the amplitude of PMA increases first from Fe/MgO to Fe 12 Co 4 /MgO, and then decreases in Fe 10 Co 6 /MgO; finally, the magnetic anisotropy becomes horizontal in Fe 8 Co 8 /MgO. Analysis based on the second-order perturbation of the spin-orbit interaction was carried out to illustrate the contributions from Fe and Co atoms to PMA, and the differential charge density was calculated to give an intuitive comparison of 3d orbital occupancy. The enhanced PMA in Fe 12 Co 4 /MgO is ascribed to the optimized combination of occupied and unoccupied 3d states around the Fermi energy from both interface Fe and Co atoms, while the weaker PMA in Fe 10 Co 6 /MgO is mainly attributed to the modulation of the interface Co-d xy orbital around the Fermi energy. By adjusting the Co composition in Fe 1−x Co x , the density of states of transitional metal atoms will be modulated to optimize PMA for future high-density memory application.
Background
Materials with large magnetic moments and strong perpendicular magnetic anisotropy (PMA) are of great interest due to their potential applications in nextgeneration high-density non-volatile memories and high thermal stability logic chips [1] [2] [3] [4] [5] [6] . Numbers of materials with strong PMA have been explored during the past decades, such as L1 0 -ordered (Co,Fe)-Pt alloys [7] [8] [9] , Co/ (Pd,Pt) multilayers [10] [11] [12] , and D0 22 -ordered Mn 3−δ Ga [13, 14] . However, none of them satisfy the high thermal stability, low switching current, and high tunnel magnetoresistance (TMR) ratio at the same time. Recently, FeCo alloys with high saturation magnetization, high Curie temperature, good permeability, and large magnetocrystalline anisotropy energy have been paid great attention [15] . The large values of uniaxial magnetocrystalline anisotropy energy (K u ) and saturation magnetization (M s ) were first predicted by Burkert et al. via first-principles calculations [16] and then verified by experiments [17, 18] . Particularly, S. Ikeda et al. obtained Ta/FeCoB/MgO/FeCoB/Ta perpendicular magnetic tunnel junctions with high TMR ratio (over 120%), high thermal stability at a dimension of 40 nm diameter, and a low switching current of 49 μA [19] , revealing a promising building block for future highdensity memories. After that, lots of experiments based on Fe 1−x Co x /MgO magnetic tunnel junctions have been performed to explore the influence of growth regulation, electric field, Fe-Co proportion, and so on [20] [21] [22] [23] . Though it has been proved by experiments that Fe-rich Fe 1−x Co x B/ MgO structures have larger PMA than their Co-rich counterparts, there is short of theoretical guidance for optimizing Fe-Co proportion, and the inherent origin of PMA in Fe 1−x Co x B/MgO is still unclear.
In this work, we investigated the amplitude of PMA depending on the cobalt composition and explored the origin of PMA in Fe 1−x Co x /MgO magnetic tunnel junctions via first-principles calculations. Second-order perturbation theory was adopted to illustrate the contributions from Fe and Co atoms to PMA. The differential charge density at the sites where Co atoms take the place of Fe atoms was calculated to give an intuitive comparison of 3d orbital occupancy. By adjusting the cobalt composition, the density of states (DOS) will be modulated, and strong PMA will be obtained with an optimized combination of occupied and unoccupied 3d states around the Fermi energy (E F ).
Methods
We performed first-principles density-functional calculations using the Vienna ab initio simulation package (VASP) with the consideration of the spin-orbit interactions. For the electronic exchange-correlation and electron-ion interaction, we adopted the spin-polarized generalized gradient approximation (GGA) [24] and the projector-augmented wave (PAW) potential [25] , respectively. A 9 × 9 × 1 k-point mesh was used with the energy cutoff equal to 500 eV. Four 
Results and discussion
The calculated MAE in Fe 1−x Co x /MgO (x = 0, 0.25, 0.375, 0.5) configurations are listed in Table 1 [27] . Thus, the attenuated interface hybridization in Fe 8 Co 8 /MgO may be an origin of the in-plane easy magnetization. Furthermore, for FeCo monolayers epitaxially grown on MgO (001), the in-plane lattice is enlarged to match that of MgO(001) (a = 2.97 Å), while the out-of-plane lattice is shortened to 2.71 Å, leading to a c/a ratio of 0.91. It has been reported that the MAE reduces as the c/a ratio decreases and becomes negative when it is smaller than 1 for B2-FeCo alloy [28] . Hence, a negative MAE is anticipated in Fe 8 Co 8 /MgO. In a word, the replacement of interface Fe atoms with Co atoms and the small c/a ratio in Fe 8 Co 8 /MgO accounts for the in-plane magnetization.
Note that Fe 12 Co 4 /MgO has the largest PMA value, implying that a proper Fe-Co combination will enhance PMA. It has been reported that the PMA is dominated by the interfacial anisotropy in Fe 1−x Co x /MgO systems [19] . Furthermore, the Fe-O hybridization makes the primary contribution to PMA in Fe/MgO systems. As 
where
Á is an integral of the joint density of states given by 
